Figure 1. Sequence Alignments of HlyE Toxin Family
The four currently known hemolysin sequences from E. coli K12 (EcK12), avian E. coli (EcAv), Salmonella typhi (Styphi), and Shigella flexneri (Shflex) are shown. Conserved residues are shown in white letters on a black background, residues identical in only two or three sequences as black letters on a grey background, all others as black letters on white background. Cylinders and arrows above the sequences indicate the positions of helices and strands respectively in the E. coli K12 HlyE structure. The proposed transmembrane region (residues 177 to 203) is underlined by a row of circles, filled for hydrophobic, empty for hydrophilic residues in the E. coli K12 sequence. The two filled triangles indicate the point at which the sequence of the Shigella flexneri gene has an 11 bp deletion. This causes the premature termination of the encoded protein by introducing a stop codon at this position. The sequence downstream of the deletion can be translated as indicated, and although it is unlikely in this strain (ATCC 12022) that this portion of the protein will be produced in vivo, it serves to illustrate the conserved regions of HlyE. Diagram produced using ALSCRIPT (Barton, 1993).
were grown from ammonium sulfate solutions in space atom derivatives (Table 1A) . The model was refined to a working crystallographic R factor of 0.199 at 2.56 Å . group P4 3 2 1 2, with cell dimensions a ϭ b ϭ 87.4 Å , c ϭ 143.6 Å , and with one molecule in the asymmetric unit.
Next, cryogenic conditions were developed that enabled data to be collected to 2.0 Å , and the structure was These crystals diffracted to 2.56 Å at room temperature, and the structure was solved at that resolution by multirefined to an R factor of 0.198 at that resolution (Table  1B) . Although the cryo-cooled crystals have somewhat ple isomorphous replacement (MIR) using three heavy (Figures 2A and 2B) is located between the third and fourth helices of the main bundle. This "head" subdomain consists of a short ␤ hairpin (the "␤ tongue") flanked by two short helices of 16 and 4 residues respectively (helices D and E). This subdomain is of extreme interest as the ␤ tongue is located within the predicted transmembrane region (del Castillo et al., 1997), as discussed below.
These major secondary structures are linked by short stretches of random coil that sometimes include additional short helical segments, giving a molecule that overall is 81% helix and 2% ␤ strand. Almost the entire chain is well ordered and distinct in the electron density maps except for the last 5 residues at the C terminus. The true N terminus of native HlyE (Met 1) is well ordered, as are the final 5 residues of the preceding linker region (residues Ϫ4 to 0), which fold in helical conformation as an N-terminal extension to helix A. However, the first 10 residues of the 15-residue linker from the cleaved GST fusion cannot be seen in the electron density map.
Similarities to Other Protein Structures
Although the underlying four-helix bundle topology is very common and found in a wide variety of proteins (Harris et al., 1994), the length of the helices in the bundle coupled with the two additional structural features, namely the "head" subdomain and the fifth helix in the "tail" subdomain, lead to the conclusion that HlyE possesses a novel fold, as confirmed by structural database searches (Grindley et al., 1993).
Nevertheless, some analogies with other toxins and membrane-associated proteins can be drawn. First, the overall elongated shape of the molecule is reminiscent serine indicates that neither is essential for hemolytic Almost all substitutions are conservative, although this activity but that both contribute to the thermostability is not surprising since these organisms are all closely of HlyE (Table 1C) . After treatment with diamide (1 mM), related (Salyers and Whitt, 1994 ). There are a number up to 40% of HlyE acquired an intramolecular disulfide, of nonconservative substitutions, but all except two occur on the surface of the molecule. One of these which correlates to a similar loss of hemolytic activity, ., 1999) , but without the benefit of the HlyE structure, inward-facing aspartate and corresponds to residues 89-101 at the C-terminal residues were introduced that could destroy the ␤ end of helix B (Figures 1 and 4B) (1999) also proposed that residues 268-294 in the C-terTherefore, in addition to the structural arguments adminal region of HlyE, roughly corresponding to helix G vanced below, there is ample weight of evidence that it in the three-dimensional structure, may also be involved is the head domain containing the hydrophobic ␤ tongue in membrane targeting and pore formation. showed that deletion of the last 23 residues abolished the most likely membrane-spanning region would comhemolytic activity completely, but since it is now clear prise residues 177 to 203 (Figure 1 ) and that this region from the structure that this involves the almost complete of the structure would be a transmembrane helix. The removal of helix G, this is likely to seriously affect the latter prediction is incorrect: located on the three-dimenstructure of the molecule rather than merely modifying sional structure, this part of the sequence begins in the activity. Moreover, the structure of HlyE reveals that the short D helix before the ␤ hairpin, includes the whole of ␤ tongue and helix G are more than 60 Å apart, and it the ␤ tongue and continues back into helix E (Figure seems most improbable that both can be directly impli-4A). This finding demonstrates that it is very dangerous cated in membrane interaction. to use hydrophobicity analyses as diagnostics of transOn the basis of the mutagenic data discussed above membrane helices, unless other evidence is also availand the structural evidence presented here and disable. This stretch of 27 residues consists almost entirely cussed in more detail below, it is evident that the large of hydrophobic side chains (Figure 1 interaction with the bilayer cannot at present be deterof a simple model for pore formation that does not involve drastic structural rearrangements of the toxin. mined. Nevertheless, the evidence from the high-resolution structure of the water-soluble form and the evidence In our model of the pore, we propose that the flat face of the ␤ tongue will interact with hydrophobic lipid tails from the pores visualized by electron microscopy enable us to propose essential features of a model for the pore ( Figure 5A ). This would leave the rest of the head subdomain excellently positioned both to form the hydrophilic that can be tested by further experiment.
As discussed above, the obvious structural candidate lining of the pore itself and to make hydrophilic contacts with other subunits in an annular assembly with a chanfor a transmembrane region in the HlyE structure is the large 30 Å deep hydrophobic patch around the ␤ tongue. nel through its center ( Figures 5B and 5C ). Hydrophilic groups above and below the ␤ tongue would be correctly Not only is this situated at one end of the molecule, in harmony with the side views from the electron microsseparated to interact with lipid head groups. It has been observed that aromatic side chains are often found at the copy, but is also consistent with our mutagenic results on the ␤ tongue described earlier. The hydrophobic ␤ membrane:solvent interface in membrane-associated proteins (Kreusch et al., 1994), and it is therefore of tongue presents a smooth exterior profile and is sufficiently extensive to interact with a lipid bilayer, as shown interest to note that such a pattern is seen in this region of HlyE, with tyrosines 178 and 196 situated at the upper schematically in Figure 5A . The remainder of the surface of the head domain is hydrophilic, so that the entire subend of the ␤ tongue and Phe-50 below it ( Figure 4C ). In order to obtain a cylindrical assembly like that seen domain, rather than the individual secondary structure elements that comprise it, is amphipathic. Its assignin the electron microscopy, a relatively minor conformational change in which the main body of the molecule ment as the transmembrane region allows the proposal negative charge ( Figure 5D ) and the interior of the pore has a relatively strong negative charge ( Figure 5E ). The Simple geometric considerations show that an ensemble of approximately eight HlyE monomers packed tolast observation is in good agreement with the characterization of the pore as moderately cation selective gether and interacting with the membrane in this manner would be sufficient to form an assembly of the correct (Ludwig et al., 1995 (Ludwig et al., , 1999 . The model presented here is a conservative one that dimensions. Thus, modeling an octameric pore produces an assembly ( Figures 5B and 5C ) whose height assumes no major structural rearrangements of the protein and is consistent with the crystallographic, electron including the transmembrane region is 100 Å and whose external diameter varies between 70 and 110 Å , in reamicroscopy, and mutagenic data. However, it does propose a novel mode of membrane interaction that is quite sonable agreement with the electron microscopy. The model of the assembly contains a pore whose diameter distinct from those previously proposed for other toxins and membrane-binding proteins, and therefore other is 70 Å at its widest point but narrowing to 30 Å at its narrowest where the toxin assembly traverses the lipid possibilities should be considered. One possibility can be eliminated with some confidence: some toxins, after bilayer. These dimensions are not only in agreement with the electron microscopy data, which give a mean major conformational changes, form pores constructed translocation of HlyE out of the bacterium, although this must be a topic for future investigations. esis, electron microscopy, the crystal structure, and model-building studies indicates that it is the ␤ tongue
Crystallization of HlyE

Data Collection
structure in the head domain that is involved in interac-
Two incomplete data sets to 3.0 Å and 2.5 Å , respectively, were collected at room temperature on Stations 9.5 and 9.6, respectively, tion with the membrane in pore formation. However, at the CCLRC Daresbury SRS (Table 1A) scription of the transmembrane pore assembly.
For the high-resolution data collection, a crystal of HlyE, prepared as above, was frozen under a nitrogen stream at 100 K in a cryoprotectant solution consisting of 1.6 M ammonium sulfate, 25% Experimental Procedures glycerol, 10 mM CoCl 2 , and 100 mM MES buffer at pH 6.5. Data to 2.0 Å were collected on a MarResearch 345 Image Plate detector Purification of HlyE The hlyE coding region was isolated by PCR and cloned into pGEXon Station PX7.2 at CCLRC Daresbury. Details of data collection are given in Table 1A . KG, allowing IPTG-inducible expression of a GST-HlyE fusion protein containing a thrombin cleavage site. Automated DNA sequencAll data sets were processed using the MOSFLM software package (Leslie, 1994) and are summarized in Table 1A . All subsequent ing indicated that the cloned hlyE gene sequence was identical to that reported in the complete E. coli genome sequence, except for crystallographic processing was performed using the CCP4 program suite (Bailey, 1994). a C to T substitution that results in the substitution of A187 by V
